The radioactivity of 14 C and 3 H in graphite samples from the dismantled Korea Research Reactor-2 (the KRR-2) site was analyzed by high-temperature oxidation and liquid scintillation counting, and the graphite waste was suggested to be disposed of as a low-level radioactive waste. The graphite samples were oxidized at a high temperature of 800 degrees centigrade, and their counting rates were measured by using a liquid scintillation counter (LSC). The combustion ratio of the graphite was about 99 % on the sample with a maximum weight of 1 g. The recoveries from the combustion furnace were around 100 % and 90 % in H at the same background counting time. The dose calculation was carried out from its radioactivity analysis results. The dose estimation gave a higher annual dose than the domestic legal limit for a clearance. It was thought that the sampled graphite waste from the dismantled research reactor was not available for reuse or recycling and should be monitored as low-level radioactive waste.
I. Introduction 1
The KRR-1&2 were operated for more than 30 years and have been stopped since 1995. The KRR-2 facilities, which had a capacity of 1 MW th , were completely dismantled as of 2008. Graphite waste with the weight of about seven tons was generated during dismantling. Graphite was used as a moderator (thermal column) in the KRR-2 reactor and irradiated by thermal neutron. Apart from the nuclear reactor core, graphite is one of the main sources of radioactivity. Due to its large volume, graphite is expected to comprise of considerable amounts of low and intermediate radioactive waste. The radioactivity of the thermal column graphite comes from various nuclides including beta nuclides such as 3 H, 14 C, 63 Ni, 56 Fe, 36 Cl, 90 Sr; gamma nuclides such as 152 Eu, 137 Cs, 60 Co; and others. Especially, most of the radioactivity is known to be from 14 C and 3 H [1] [2] [3] , which are released as a gas state from the graphite waste. . 3 H in the graphite is originated from the reactions 6 Li (n, ) Li(n, ) 3 H is the main reaction due to its very high neutron activation cross-section and high neutron flux in the graphite thermal column 3) . A high concentration of 3H has been reported in reactor graphite. In the present work, the radioactivity of the 
II. Method

Experimental Equipments and chemicals
A high-temperature combustion furnace (GAU, UK) was used for the oxidation of the graphite samples. A Quantulus TM 1220 liquid scintillation counter (LSC, PerkinElmer Inc, Wallac Oy, Turku, Finland) was employed for the measurement of 3 H and 14 C. HNO 3 and Carbo Sorb R E were used for absorbing tritium ( 3 H) and radiocarbon ( 14 C) where the tritium exists as HTO and radiocarbon as CO 2 . Ultima Gold LLT Cocktail was used as a scintillation cocktail.
Sample preparation
The graphite thermal column consists of many stringers with a constant cross-section. Those were stacked in alternating layers with a direction towards the core and perpendicularly to that direction. The thermal column had a width of 3,350 mm, a length of 1,220 mm, and a height of 1,000 mm. The zones of the thermal column for sampling were divided into 4 regions where a region A was the nearest one from the surface of the reactor core (Fig.1) . In this experiment, to obtain the radioactivity surrounding the reactor core surface, four graphite samples were collected from a region A of the graphite thermal column of the KRR-2, although the remains should usually be sampled. The size of the sampled graphite was 1 cm × 1 cm so that the quarts boat, in which the sample was placed, could cover it. Four samples weighed about 1 g each.
Analysis procedure
As is seen in Fig. 2 , the graphite samples were oxidized in the high-temperature furnace rates and were measured by using the LSC 4) . The 1 g graphite samples were placed into the boat and oxidized in the quarts glass combustion tube where the combustion duration was 6 hours, and the temperature of the sample zone was a maximum of 500 o C. The 0.5 % Pt-alumina catalyst was used for better oxidation. 
Pretreatment
Experimental uncertainty
Some experimental or systematic factors were considered to cause the measurement uncertainty [5] [6] [7] . First of all, weighing the samples and bubbler solution could cause experimental errors due to poor measurements. The recovery of the furnace and the efficiency of the LSC could be considered as other factors for the errors as well.
For the present analysis, because the measurement errors could be assumed to be independent of each other and the presentation of the radioactivity had a product form as presented in equation (1), its combined relative uncertainty could be expressed in the form of equation (2) Table 1 . The dose was calculated by using equations (3) and (4) 
III. Results and discussion
The 1 g graphite samples were almost completely combusted under the oxidation temperature of 500 . There were little visible remains in the boats of four samples after a 6-hour combustion where the combustion ration was more than 99 %. The furnace recoveries were 100 % 5 % and 90 % 5% for 14 C and 3 H, respectively. The background counting rates, which were generally dependent on the counter, the energy range of Table 2 . H, being between 2.8 and 25. The relative standard deviations were less than about 0.5 % for the radioactivity of the four samples. Also, it was thought that the large difference in the radioactivity between the samples, in spite of the similar 50-cm radius from the reactor core was due to the inhomogeneous distribution of nitrogen and lithium in the graphite samples. Therefore, more sampling from different locations of the graphite block is perhaps needed, and a radioactivity analysis should be carried out for more exact inventory estimation of 
where N b is the count of the background, t is the background counting time (second), E is the counting efficiency, R is a recovery of the furnace, and m is the weight of a sample (g). So, the MDA depends on the background counts, counting time, and the weight of the sample. In this work, the counts of the sample were much higher than those of the blank. In
relation with the experimental uncertainty, it was expected that the background counting rate had little effect on the uncertainty of the radioactivity of the sample. As other factors causing an uncertainty in this work, the relative uncertainty of a sample weighing, the mass of a bubbler solution taken for an analysis, and the difference between the final bubbler mass and the bubbler tare mass were 0.01 %, 0.05 %, and 0.03 % respectively, in this experiment. The relative uncertainty of the decay correction and certified 14 C and 3 H standard solution (as quoted on certificate) were 0.2 % and 0.67 %, respectively. The relative uncertainty of the furnace recovery was 4.9 %, and that of the liquid scintillation counter calibration curve was 1.0 %. In addition, the counting uncertainty of the measurement by using an LSC was less than 0.5 %, as was determined its relative standard deviation. Therefore, the combined relative uncertainty was calculated to be less than 5.1 %. While investigating the components of the uncertainty, the uncertainty of the furnace recovery was found to be a dominant factor for causing an experimental uncertainty. In fact, this recovery considerably depended on the condition of the Pt catalyst, temperature, and burning duration. Hence, it was thought that this uncertainty could be remarkably reduced by carrying out an exchange of the catalyst and the maintenance of the suitable temperature and duration.
The annual dose was calculated conservatively where the exposure time was 24 hours a day, which is 8,760 hours a year, as was seen in Table 3 . The dose estimation indicated that the internal exposure by ingestion was much higher than that by inhalation. The ingestion from 14 C contributes more than 99% to the total internal dose. If the external exposure effect by gamma radionuclides like 60 Co, 134 Cs, and 152 Eu included in the graphite samples were added, the total dose will be higher. These figures are much higher than the legal limit of an annual dose rate for clearance, 10 Sv/y 10) . This meant that the specific activity of Co is a dominant factor for a dose estimation. So, they should be considered together for a practical dose estimation which includes external and internal effects. Especially, 60 Co causes a strong external exposure as well as the fact that its internal dose conversion factor is 3,000 times as high as 14 C. After all, the graphite samples of this work could not have clearance, and so it is impossible for them to be reused or recycled for other industrial purposes. On the other hand, when it was considered that the radioactivity in the graphite thermal column was decreased inversely proportional to the square of the distance from the reactor core, the annual dose due to 14 C and 3 H of regions B, C, and D was calculated to be 6 14 Sv/y, 3 ~ 6 Sv/y, and less than 3 Sv/y, respectively. Therefore, the determination on the clearance in these regions was possible by carrying out the actual sampling and dose estimation including other radionuclides of the graphite thermal column as well as 14 C and 3 H.
VI. Conclusion
The radioactivity of 14 C was higher than that of 3 H from the analysis of the high-temperature combustion and the LSC method. It was understood that the experimental error was mainly due to a furnace. The dose from the present analysis was higher than the legal limit of an annual dose for clearance, 10 Sv/y. The dose estimation due to the 14 C and 3 H radionuclides indicated that the graphite waste from the present sampled region of the thermal column of KRR-2 had difficulty in reuse or recycling, although the dose effect by other nuclides including gamma emitting ones was not estimated.
